The induced fit and conformational selection/population shift models are two extreme cases of a continuum aimed at understanding the mechanism by which the final key-lock or active enzyme conformation is achieved upon formation of the correctly ligated enzyme. Structures of complexes representing the Michaelis and enolate intermediate complexes of the reaction catalyzed by phosphoenolpyruvate carboxykinase provide direct structural evidence for the encounter complex that is intrinsic to the induced fit model and not required by the conformational selection model. In addition, the structural data demonstrate that the conformational selection model is not sufficient to explain the correlation between dynamics and catalysis in phosphoenolpyruvate carboxykinase and other enzymes in which the transition between the uninduced and the induced conformations occludes the active site from the solvent. The structural data are consistent with a model in that the energy input from substrate association results in changes in the free energy landscape for the protein, allowing for structural transitions along an induced fit pathway.
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enzyme dynamics ͉ population shift ͉ phosphoenolpyruvate carboxykinase I t has been 50 years since the original presentation of the induced fit hypothesis by Daniel Koshland (1) that built upon Emil Fisher's key-lock principle (2) and introduced the idea that the inherent dynamic properties of enzymes play an essential role in the processes of molecular recognition and catalysis. Over the last decade, with the advent of new instrumentation and novel experimental approaches there has been a resurgence in investigations focused upon understanding the specific ways in that these dynamic properties influence the ability of enzymes to achieve enormous levels of selectivity and catalytic power (refs. 3-6 and references therein).
Presently there are two primary models used to explain the mechanism by which an enzyme can move toward adopting the final key-lock state ( Fig. 1 ): (i) the induced fit model and (ii) the conformational selection/population shift model (7) (8) (9) (10) (11) (12) (13) (14) . As defined originally by Koshland (1) , the induced fit model states that the achievement of the final key-lock state, that is, the precise orientation of catalytic groups and residues necessary for catalysis, occurs only after changes in protein structure that are induced by the binding of a substrate. This pathway is represented by the equilibrium constants K 1 and K 2 in Fig. 1 . Intrinsic to this model is the ability of the enzyme to form an ''encounter complex'' † (Fig. 1B) . In this complex the enzyme is liganded identically to the eventual catalytically competent key-lock state; however, the conformational change leading to the active key-lock state has not yet occurred. In contrast, the conformational selection model states that the enzyme exists in multiple conformational states, of which the substrate has a high affinity for the active or key-lock state. In this model the ligand is suggested to bind to this lowly populated high-energy state (the active or key-lock state) (Fig. 1C) . In a mechanism similar to that of the Monod-Wyman-Changeux model for allostery (15) , to maintain equilibrium (Fig. 1, K 3 ) binding to the active state conformation shifts the population of free molecules toward the active state, facilitating further substrate binding. NMR studies of enzymes such as RNase A (16, 17) , cyclophilin A (18), and dihydrofolate reductase (19) provide evidence for conformational selection because the experimental data supports that even in the absence of ligand the enzyme samples multiple conformational states including the ligand-bound (active) state.
One issue with the conformational selection model that is often overlooked is that in enzymes such as triosephosphate isomerase (TIM) and tyrosyl-tRNA synthetase the formation of the active or key-lock complex results in the closure of an active site lid domain. This results in the occlusion of the active site from the bulk solvent (20) (21) (22) (23) (24) . These conformational changes, often required to preclude solvent from competing with the catalzyed reaction (25, 26) , also preclude substrate binding directly to this enzyme form. Therefore, even if we assume that the lowly populated ''active'' form of the conformational selection model is the same as the ''key-lock'' state and that the enzyme samples this state in solution, then substrate cannot bind directly to this state due to steric occlusion of the active site [supporting information (SI) Fig. S1 ]. This would exclude the D B Fig. 1 . Thermodynamic cycle for the formation of the active key-lock state. The induced fit pathway is represented by the equilibrium constants K 1 and K2 whereas the conformational selection pathway is represented by the equilibrium constants K 3 and K4.
conformational selection model in the mechanism of catalysis for enzymes in which such conformational changes occur. If the lowly populated active state of the conformational selection model is not the same as the final key-lock state, then ''induction'' from substrate binding is required for conformational selection to achieve the key-lock state, consistent with the key tenet of Koshland's induced fit model in these systems.
Our investigations of structures of the gluconeogenic enzyme phosphoenolpyruvate carboxykinase (PEPCK) (Scheme S1) that mimic the Michaelis complexes for the forward and reverse reactions and the structure of an approximation of the enolate intermediate state (Fig. S2) provide continuing support for the induced fit hypothesis. This support is provided by direct evidence for the existence of the encounter complex as predicted by Koshland's induced fit model. Our studies suggest that the enzyme facilitates the formation of the key-lock conformation by making its formation more energetically favorable. This favorability increases as the reaction progresses from the holoenzyme state through the Michaelis complex and to the intermediate complex that is committed to catalysis. This suggests that the enzyme changes the thermodynamic landscape for the structural transition between the uninduced and key-lock states during progression through the catalytic cycle to facilitate catalysis. In the case of PEPCK, because closure of the active site lid domain precludes binding directly to the key-lock state, a change in the thermodynamic landscape after formation of the encounter complex results in the mechanism by which the induced fit is achieved.
Results and Discussion
Michaelis Complex States. PEPCK catalyzes the conversion of oxaloacetic acid (OAA) to phosphoenolpyruvate (PEP) as the first committed step of gluconeogenesis (Scheme S1). Previous work has demonstrated that the monocarboxylic acids 2-phosphoglycolate (PGA) and ␤-sulfopyruvate (␤-SP) are competitive inhibitors of PEPCK with respect to PEP and they are excellent stereoelectronic analogues of PEP and OAA respectively (Fig.  S2) (27, 28) . It also has been demonstrated previously that in the ternary PEPCK-Mn 2ϩ -PGA complex PGA binds in a similar fashion to PEP (28) . On the basis of these principles, we sought to crystallize PEPCK in complexes with ␤-SP and PGA and the correct nucleotide counterpart that mimic the Michaelis complexes for both the forward and the reverse reaction catalyzed by the enzyme. Previous structural analysis of PEPCK has demonstrated that PEP and PGA bind to the enzyme in the ternary complex in a conformation that would not allow for inline phosphoryl transfer about the bimetal center, as the stereochemistry for phosphoryl transfer and the individual PEPCK-Mn 2ϩ -OAA and PEPCKMn 2ϩ -Mn 2ϩ GTP complexes suggest (28) (29) (30) (31) (32) . This observation resulted in the hypothesis that a dynamic active site ''lid'' domain closes upon formation of the Michaelis complex, stimulating PEP/PGA to coordinate directly to the active site manganese ion and placing the phosphate in a position similar to that of the ␥-phosphate of GTP in the PEPCK-Mn 2ϩ -Mn 2ϩ GTP complex (29) . This lid domain has an omega-loop-type structure similar to the lid domain found in TIM, tyrosyl-tRNA synthetase, and other enzymes (20-24, 33, 34) .
Analysis of molecule A of the crystallographic dimer of the PEPCK-Mn 2ϩ -PGA-Mn 2ϩ GDP complex mimicking the Michaelis complex for the reverse reaction clearly supports the previous hypothesis. In this molecule, the lid is observed in a fully closed conformation, capping the active site binding pocket and resulting in the direct coordination of PGA to the active site metal ( Fig. 2A ). This orientation of PGA in the active site places the phosphate as a bridging ligand between the two metals in a nearly identical position to that of the ␥-phosphate of GTP in the GTP (32), ␤-␥-methylene-GTP (35), ␤-SP-GTP (this work), and oxalate-GTP (this work) structures. An identical closed-lid conformation is seen in molecule A of the PEPCK-Mn 2ϩ -␤-SP-Mn 2ϩ GTP structure. Again, this arranges the phosphoryl donor and acceptor about the bimetal active site in an identical fashion to the PGA-GDP complex, consistent with the mechanism of phosphoryl transfer (Figs. 2 and 3) . Further, the closing of the lid results in a slight closure of the active site cleft between the N-and the C-terminal lobes (Fig. S3 ). This motion, coupled with the slight closure of the P-loop (phosphate-binding loop/ kinase-1a motif) mediated through the establishment of a hydrogen bond between S286 and the C1 carboxylate oxygen of PGA, results in a shift in the position of the bound nucleotide toward PGA through interactions between the backbone amides of the P-loop and the ␤-phosphate of GDP ( Fig. 2 and Fig. S3B ). The movement in the position of GDP from the location it occupies in the open-lid state (Fig. 2B) shortens the distance for phosphoryl transfer by Ϸ1 Å. The movement of the P-loop toward the metal center to a fully closed conformation described above appears necessary for the lid to occupy the closed conformation. This is due to steric conflict between A287 and T465 on the P-loop and lid domains, respectively, when the P-loop occupies any of the other more open conformations ( Fig. S4 ) (32) . This suggests that the closure of the lid and the P-loop are coupled processes. (28, 29) . Therefore, the complexes present in molecule B of both Michaelis complex states clearly represent the encounter complex as predicted by the induced fit model (Fig. 1B) . The dramatic difference in the positioning of PGA and the nucleotide substrates in the closed-lid conformation compared with that of the open-lid conformation of the enzyme decreases the phosphoryl transfer distance from one that is unreasonable for direct inline phosphoryl transfer (molecule B, PGA-GDP ϭ 5.9 Å; Fig. 2 ; molecule B, ␤-SP-GTP ϭ 3.9 Å, Fig. 3 ) to one that is almost within van der Waals contact distance (molecule A, 3.2 Å, Figs. 2 and 3) . By extrapolation of the results from the PEPCK-Mn 2ϩ -PGA-Mn 2ϩ GDP complex to the complex that would be formed with the substrate PEP, the structural data clearly demonstrate that lid closure triggers the transition of PEP from its outer-sphere coordinated position to a catalytically competent state necessary for phosphoryl transfer, as was previously hypothesized (29) . In addition, the closed conformation results in repositioning of the nucleotide substrate that is also necessary to close the distance for phosphoryl transfer to one that is reasonable.
These structures, representative of the open-and closed-lid conformations of the Michaelis complexes for the forward and reverse reactions, demonstrate the intimate relationship between the closed-lid state and catalysis. Further support for this conclusion comes from the observation of electron density On the basis of these and other structural studies of PEPCK, it is apparent that the closed-lid state represents the final key-lock complex necessary for chemical transformation. What is clear from the nature of these structural complexes is that the direct binding of substrate to the closed-lid state, which is required by the conformational selection model, is impossible (Fig. S1) . Thus, the conformational selection model cannot explain the coupling of the conformational change and catalysis in this instance. Furthermore, the observation of the open-lid complex under identical ligation conditions to that of the closed-lid state provides direct structural evidence for the existence of the encounter complex. This observation is a key tenet in Koshland's induced fit model and provides evidence that is contrary to the requirements of a pure conformational selection model.
Formation of the Enolate Intermediate Results in Further Stabilization
of the Closed-Lid State. Oxalate has long been used as a mimic of the putative enolate intermediate in the reaction catalyzed by PEPCK (Fig. S2) . This enolate mimic has been demonstrated previously both to be an effective competitive inhibitor and to bind directly to the active site Mn 2ϩ ion in a fashion identical to that of the central skeleton of OAA (27, 28, 36, 37) .
Examination of the crystal structure of the intermediate complex mimic shows little difference from that of the ␤-SP-GTP complex, with the phosphate of GTP positioned perfectly for inline phosphoryl transfer to the C1 carboxylate oxygen of oxalate (Fig. S6) . The only significant difference is the rotation of Y235 forward, toward the metal in an identical fashion to that observed in the closed conformation of the PGA-GDP complex. In this case Y235 occupies the void left by what would be the decarboxylation of OAA. The most striking observation in the oxalate-GTP complex is that in both the cocrystal complex (P2 1 2 1 2 1 , 1 molecule/ASU) and the complex obtained by soaking of oxalate into the PEPCK-Mn 2ϩ -Mn 2ϩ GTP crystal (P2 1 , 2 molecules/ASU) all of the molecules composing the crystal are in the closed state. As discussed below, this stabilization of the closed-lid state upon formation of the reactive intermediate species is consistent with the mechanism of catalysis for the enzyme and the coupling of binding energy to the stabilization of reactive intermediates put forth previously by Fersht (38) .
Induced Fit and Conformational Selection.
Recently there have been issues raised with the notion of induced fit as originally described, particularly as it applies to antibody-antigen interactions (7-9, 11, 13). One concern is the idea that the equilibrium represented by K 1 (Fig. 1) is unfavorable, resulting in only a small chance for the induced fit to occur. Thus, with reasonable values for the transitions along the induced fit pathway, this process is postulated to occur too slowly to account for most biological processes (8) . The open-lid conformations in the Michaelis-like complexes presented here provide direct structural evidence for the encounter complex that is a requirement of the induced fit hypothesis. These complexes demonstrate, at least in the case of PEPCK, that the formation of a thermodynamically favorable encounter complex with the substrates of the reaction is possible (the equilibrium represented by K 1 in Fig. 1 and Fig. S1 ) in the absence of the induced fit conformational change. As is evident from our studies and discussed below, there is no reason to assume that the uninduced complex is weak. Those interactions facilitating the formation of the encounter complex can be significant, although not of a magnitude necessary to cause a shift in the thermodynamic favorability of the enzyme adopting the final key-lock state. Therefore, we conclude that the formation of the encounter complex is possible, allowing for transitions along the induced fit pathway.
Energetic Implications for the Open/Closed Transition in Catalysis. It has been demonstrated previously in several enzyme systems that the motion of active site loop regions is either rate limiting or intimately coupled to the chemical step (39) (40) (41) (42) . Previous structural studies have demonstrated that the predominant state for the active site lid domain in most complexes of PEPCK studied to date is the open/disordered state (28, 29, 32, 35) . On the basis of the structural studies of complexes mimicking the Michaelis and enolate intermediate states presented here, the thermodynamic favorability of the closed state appears to increase as the enzyme commits to catalysis by formation of the enolate intermediate. Taken together, the structural information suggests a mechanism in which the closed conformation is stabilized as the enzyme proceeds from a predominantly open state in the holoenzyme and individual substrate complexes, to equal probability of the open and closed states in the Michaelis complex (represented by the ␤-SP-GTP and PGA-GDP complexes), and finally to a predominantly closed state upon the formation of the enolate intermediate (represented by the oxalate-GTP complex) (Fig. S7 ). This change in the energetic favorability of the enzyme adopting the closed state can be rationalized mechanistically. The holoenzyme, individual substrate/product, and Michaelis complexes need to promote substrate association and product dissociation and thus must sample the open state with some frequency. That frequency is likely to be consistent with data demonstrating that lid motion in TIM occurs on a similar time scale to k cat (39, 43) . In PEPCK, once decarboxylation has occurred, the enzyme is committed to catalysis and must remain closed until after phosphoryl transfer has occurred to form the product. If the lid were to open after decarboxylation and before phosphoryl transfer, then the enolate intermediate would be protonated, resulting in the formation of pyruvate. Metabolically, this would have dire consequences by decoupling OAA consumption from PEP synthesis. A similar function has been ascribed to the active site lid domain in TIM, which is thought to sequester the intermediate of that reaction, preventing its hydration, which would lead to the toxic side product methylglyoxal (25, 26) . Thus, our model for PEPCK catalysis suggests a mechanism by which the closed conformation of the enzyme becomes increasingly thermodynamically favorable as the enzyme progresses along the reaction coordinate.
Our experiments suggest that the population distribution of the open-and closed-lid states observed in the crystals is not an artifact of lattice constraints. We reach this conclusion based on several lines of evidence: The structure of the PEPCK-Mn 2ϩ -GTP complex, obtained from the same crystals that are used in the formation of the ␤-SP-GTP and oxalate-GTP complexes, has one molecule in the ASU with an open lid (32) . When these crystals are soaked in a solution containing ␤-SP, there is a change in the space group with two nonequivalent molecules, one containing an open lid and the other in a closed-lid conformation. When an identical experiment is carried out replacing ␤-SP with oxalate, both molecules in the ASU adopt an identical closed-lid state. These results demonstrate that lid motion in both molecules in the ASU is permitted in the crystal lattice. Finally, the oxalate-GTP complex obtained by cocrystallization in a different space group demonstrates a shift in the solution population favoring the closed conformation. Therefore, our crystallographic studies support the idea that the energy landscape for lid motion changes as the enzyme proceeds through catalysis from the holoenzyme to the Michaelis complex and the enolate intermediate, consistent with prior studies carried out on the lid domain of TIM (43) . This notion of a change in the free energy landscape for motions in the enzyme between the differently liganded states has been suggested recently by computational studies on adenylate kinase, although the authors concluded that their results were consistent with a conformational selection process in that enzyme (44) . Further, we should note that the idea of substrate binding energy being used for catalysis is not new and is a widely held view (45, 46) . Additionally, the utilization of that binding energy in the sequestering of reactive intermediates has been suggested previously by Fersht as a mechanism by which enzymes can evolve to optimally stabilize reactive intermediates rather than preferentially bind the transition state to facilitate catalysis (38) . The structural studies of PEPCK presented here provide an explanation of how that interaction energy is used by PEPCK along an induced fit pathway.
In 1975, Jencks proposed the ''circe effect'' to explain the utilization of the free energy of substrate binding in enzyme catalysis (46) . As related to the induced fit model in hexokinase, Jencks demonstrated that most of the free energy from the interaction between hexokinase and glucose was used in the formation of the induced conformation from the uninduced state with the remainder manifested in the observed binding energy (46) . In a mechanism consistent with Jencks' circe effect, our data are consistent with the idea that the enzyme stabilizes the closed-lid conformation during the catalytic cycle by offsetting the entropic penalty for lid closure through the favorable Gibbs free energy available from the formation of the Michaelis and enolate intermediate complexes, respectively. The simplest interpretation of the data is that the available enthalpy from substrate association increases with the addition of substrates as the enzyme forms the Michaelis complex. The enzyme can use this available enthalpy to offset the unfavorable entropy of lid closure that the structural studies demonstrate is necessary for catalysis. A favorable entropic contribution may also contribute, because inspection of the structure of holo-PEPCK shows the presence of well ordered water molecules in the positions corresponding to the oxygen atoms of bound PEP and OAA. At a minimum this could provide entropy-entropy compensation upon substrate binding and may even result in an increase in favorable entropy upon complex formation. On the basis of this model, the observation of only a closed-lid state in the enolate intermediate complex suggests that the interaction free energy is maximal in this enzyme form. This is consistent with Fersht's idea of maximum stabilization of the enolate intermediate and predicts that upon formation of the products the necessary reduction in complementarity would result in a decrease in the available interaction energy. This would have the effect of shifting the thermodynamic landscape for lid motion in a direction favoring the open state allowing for product release and a continuation of the catalytic cycle.
Conclusion
We do not refute the conformational selection model's tenet that enzymes are dynamically sampling multiple conformational states in the absence of ligand, and some of these conformations will have a greater affinity for ligand than others. Similar to the dynamic behavior of the lid domain in TIM (43) , PEPCK most likely samples both the open-and the closed-lid states in all enzyme complexes although the crystallographic data demonstrate that the closed-lid conformation is negligibly populated in the absence of a fully ligated active site. In the case of PEPCK and TIM (43), the induction is simply the effect of the altered ligation state, resulting in changes in the free energy surface for lid motion. As a consequence, the populations of the two states move in a direction favoring the closed state over the open conformation. Clearly, in other systems where the ''active'' conformation does not result in steric occlusion of the active site, direct binding to an activated enzyme conformation is possible, consistent with the conformational selection model. However, if this state is not identical to the final catalytic key-lock complex, then an associated substrate molecule can influence the positions of active site residues through an induced fit mechanism. Therefore, we propose that the conformational selection and induced fit mechanisms are complementary rather than mutually exclusive models. In our view, induced fit is the general result of ligand association changing the thermodynamic landscape for the protein. The effect that ligand association has on the free energy surface for the protein will depend on both the magnitude of the energy input into the system through ligand association and the shape of the free energy landscape for the protein.
In this way, ligand association can alter the landscape such that it alters the population distribution of already sampled states as demonstrated here for our simple two-state model of lid opening and closing in PEPCK catalysis. However, in a similar fashion one could envision ligand binding or the chemical transformation of substrates to products resulting in a significant restructuring of the energy landscape for the protein such that new conformations that were not previously accessible are now sampled.
Materials and Methods
Materials. Glutathione Uniflow Resin was purchased from Clontech. HiQ and P6DG resins were from Bio-Rad. ␤-SP was synthesized and purified as previously described (47) . All other materials were of the highest grade available.
Enzyme Expression and Purification. Recombinant rat cPEPCK was expressed and purified as previously described (32) .
Crystallization. Crystals of PEPCK used for data collection were obtained as previously described (32) . The complexes with PGA, oxalate, and ␤-SP were obtained by soaking the PEPCK-Mn 2ϩ -Mn 2ϩ GDP(GTP) crystals for 1 h in a cryoprotectant solution (25% PEG 3350, 10% PEG 400, 0.1 M Hepes pH 7.5, 2 mM MnCl2, and 10 mM GDP(GTP)) containing 10 mM of the analogue before crycooling in liquid nitrogen. Cocrystals of the PEPCK-Mn 2ϩ -oxalateMn 2ϩ GTP complex were obtained under similar conditions as described previously and were cryoprotected in an identical fashion to the complexes obtained by soaking.
Data Collection. Data on the cryocooled crystals of the PEPCK-Mn 2ϩ -PGAMn 2ϩ GDP, and PEPCK-Mn 2ϩ -oxalate-Mn 2ϩ GTP complexes maintained at 100 K were collected at the Stanford Synchrotron Radiation Laboratory, Beamline 11-1, Menlo Park, CA. Data on the PEPCK-Mn 2ϩ -␤-SP-Mn 2ϩ GTP complex and the cocrystal of the PEPCK-Mn 2ϩ -oxalate-Mn 2ϩ GTP complex maintained at 100 K were collected at the Advanced Photon Source, BioCars 14-BM-C, Argonne, IL. All data were integrated and scaled with HKL-2000 (48) . Data statistics are presented in Table S1 .
Structure Determination and Refinement. The structures of the rat cytosolic enzyme were determined by molecular replacement using MOLREP (49) in the CCP4 (50) package and the previously determined structure of rat cPEPCK [PDB ID: 2QEW (32) ]. This molecular replacement solution was refined using Refmac5 followed by manual model adjustment and rebuilding using COOT (51) . Ligand, metal, and water addition and validation also were performed in COOT. A final round of translation/libration/screw (TLS) refinement was performed for all models in Refmac5. A total of five groups per chain were used for all models as refinements using greater than five groups per chain did not significantly improve R/Rfree. The optimum TLS groups were determined by submission of the PDB files to the TLSMD server [http://skuld.bmsc.washington.edu/ϳtlsmd/ (52, 53)]. Final model statistics are presented in Table S1 . In the PEPCK-Mn 2ϩ -␤-SP-Mn 2ϩ GTP complex, inspection of the Fo Ϫ Fc map after modeling of the major conformation of GTP in molecule A revealed positive density in the location of the nucleotide observed in molecule B (Fig. S5) . However, due to the low occupancy the alternate conformation for the nucleotide was not included in the final model. The occupancy of the major conformer was reduced to 0.8 and resulted in B-factors for GTP that were similar to the B-factors for the coordinating protein residues. The occupancy of the closed-lid domain (residues 464 -474) was manually adjusted to 0.8 (identical to that of the major conformation of the nucleotide), resulting in B-factors consistent with the neighboring residues and eliminating the observed negative Fo Ϫ Fc difference density for the lid domain.
